Recently, we reported the isolation of three peptides, Ile-83-Ala-Phe-85, Ser-148-Leu-Phe-150, and Ala-156-Ile-Phe-158, derived from the K88 fibrillar subunit and found to inhibit the binding of K88 fibrillae to cavia erythrocytes or pig intestinal epithelial cells (A. A. C. Jacobs, J. Venema, R. Leeven, H. van Pelt-Heerschap, and F. K. de Graaf, J. Bacteriol. 169:735-741, 1987). The gene encoding the K88 fibrillar adhesin was modified by oligonucleotide-directed site-specific mutagenesis such that each of the phenylalanine residues at positions 85, 150, and 158 were replaced by serine. Replacement of phenylalanine 85 or 158 had no apparent effect on the biosynthesis of the fibrillae or on their adhesive capacity. In contrast, substitution of phenylalanine 150 with serine resulted in a dramatic decrease in adhesive capacity of the K88 fibrillae. Apparently, phenylalanine 150 plays an essential role in the interaction of the adhesin with receptor molecules present on eucaryotic cells.
The specific adherence of pathogenic bacteria to mammalian cells is an essential step in the development of bacterial disease. The bacterial surface structures responsible for adherence have been named adhesins or colonization factors. The K88 adhesin, found on particular enterotoxigenic Escherichia coli strains, has been implicated in the colonization of the porcine small intestine (1, 13) . It is composed of protein subunits with a molecular weight of 27,500 which are polymerized to form extracellular filamentous structures called fimbriae, fibrillae, or pili (5) . Three serological variants of the K88 adhesin have been described and designated K88ab, K88ac, and K88ad (8) . The nucleotide sequences of all three protein subunits have been determined and show both highly conserved and highly variable regions (6, 7, 14) .
Little is known about the structure-function relationships of the K88 adhesins. The structure of the K88 receptor(s) is unknown, but there are several indications that galactosyl residues are involved in the specific binding (5) . Chemical modification studies implicated a role for arginine residues in the receptor-binding domain of the K88 adhesin, but the modified residues have not been located in the primary structure (11) .
Recently, we reported the isolation of three peptides, Ile-83-Ala-Phe-85, Ser-148-Leu-Phe-150, and Ala-156-Ile-Phe-158, derived from the K88 fibrillar subunit and found to inhibit the binding of K88 fibrillae by competition for the receptor molecules present on erythrocytes or porcine intestinal epithelial cells (12) . All three isolated peptides possessed a phenylalanine residue at their carboxyl-terminal ends. To investigate the specific role of these residues and the significance of the active peptide sequences when contained within the intact protein, we used oligonucleotidedirected site-specific mutagenesis to change the codons for Phe-85, Phe-150, and Phe-158 into codons for serine. The effect of these amino acid replacements on the different features of the fibrillae is described. Plasmids, strains, and bacteriophage. The plasmid pFM205 is a pBR322 recombinant carrying the genes involved in the biogenesis of K88 fibrillae (21) . E. coli K-12 C-600 (XJfhuA2l thr leu-6 thi-J supE44 lacY)) was used as a host for pFM205 and its mutant derivatives. Restriction fragments were cloned into double-stranded DNA of phage M13mpll (19) , and single-stranded DNA was isolated after propagation in E. coli JM103 (18) .
Isolation of plasmid and M13 double-stranded DNA. For the isolation of plasmid and M13 double-stranded DNA the alkaline method of Bimboim and Doly (2) was used.
Isolation of DNA restriction fragments. DNA restriction fragments were separated on horizontal 1.0% agarose slab gels and extracted from the agarose by electroelution with an electrophoretic sample concentrator (ISCO).
Transformation. Transformation of CaCl2-treated cells was performed by the method of Dagert and Ehrlich (3).
Oligonucleotide-directed in vitro mutagenesis. A 1,765-base-pair EcoRI DNA fragment encompassing a part of the gene encoding the K88 subunit ( Fig. 1) was cloned into the M13mpll bacteriophage and mutagenized by the doubleprimer method as described by Zoller and Smith (27) . The following mutagenic oligonucleotides, 17- (20) . bp, Base pairs.
K88 Phe-158 into K88 Ser-158. Putative mutants were initially identified by colony probing, using the 5'-32P-labeled mutagenic oligonucleotide and successive washing at increasing temperatures (27) . DNA sequencing by the dideoxy termination procedure of Sanger et al. (25) was used to confirm the mutations and to control the sequence of that part of the K88 gene that was used to reconstruct the mutant pFM205.
Preparation of cell-free K88 fibrillae. The wild-type and mutant strains were cultured in tryptic soy broth supplemented with ampicillin (200 ,ug/ml), and cells were harvested by centrifugation at the end of the exponential growth phase. The cell pellets were suspended to an optical density of 5 at 660 nm in 50 mM sodium phosphate (pH 7.2) supplemented with 0.9% (wt/vol) NaCl. The fibrillae were removed from the cells by heating the suspensions for 20 min at 55°C. Subsequently, the cells were spun down and the supematant fractions were used for hemagglutination assays, enzymelinked immunosorbent assay (ELISA), and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
ELISA. The wild-type and mutant fibrillae were detected and quantitated by an ELISA as described by Mooi et al. (21) , using polystyrene microtiter trays (Dynatech Laboratories, Inc., Alexandria, Va.). The trays were read with a micro-ELISA reader (Organon Teknica) at 492 nm.
Hemagglutination assay. The ability of the K88 fibrillae to adhere to cavia erythrocytes was determined by quantitative hemagglutination assays. Serial twofold dilutions (50 ,u) of cell-free K88 were made in 50 mM sodium phosphate buffer (pH 7.2) supplemented with 0.9% NaCl and 0.5% Dmannose, followed by the addition of 50 ,ul of a 1% (vol/vol) suspension of washed cavia erythrocytes in the same buffer. The trays were examined after 3 h of incubation at 4°C. SDS-PAGE. SDS-PAGE was performed in 12% slab gels with the buffer systems of Laemmli (15) .
Electron microscopy. Specimens were prepared by the two-step droplet method on carbon-coated Formvar films 
RESULTS AND DISCUSSION
In searching for the identity of the receptor-binding site of the K88 adhesin, we investigated the inhibitory activity of various adhesin fragments on the binding of K88 fibrillae to erythrocytes and pig intestinal epithelial cells. Three chymotryptic peptide fragments derived from conserved sequences in the primary structure of the different K88 variants possessed adhesion-inhibiting activity (12) . All three isolated peptides possessed a phenylalanine residue at their carboxyl-terminal ends, possibly indicating an essential role for this residue in the receptor-binding event. To investigate the significance of the isolated inhibitory peptides when contained within the intact protein, and in particular the role of the phenylalanine residues in receptor binding, we used site-specific mutagenesis to change the codons of each of the phenylalanine residues at positions 85, 150, and 158 into codons for serine.
Single-stranded DNA from a recombinant M13mpll bacteriophage containing the 1,765-base-pair EcoRI fragment (Fig. 1) hybridization to the appropriate mutagenic oligonucleotide, and their identities were confirmed by DNA sequencing. Subsequently, the mutants selected were sequenced entirely, i.e., that part of the K88 gene that was used to reconstruct the mutant pFM205, to verify that no other mutations had occurred. The effects of the amino acid substitutions on the different features of the K88 fibrillae, establishment of the quarternary structure, and the recognition of receptor substances were studied.
Replacement of the phenylalanine residue at position 85 or 158 by serine had no apparent effect on the different features of the fibrillae. In fact, both mutant fibrillae were indistin- guishable from wild-type fibrillae as judged by ELISA, hemagglutination assay (Table 1) , and SDS-PAGE (Fig. 2) . In contrast, replacement of phenylalanine 150 by serine resulted in the synthesis of mutant fibrillae which had completely lost their adhesive capacity (Table 1) , but in other respects they were indistinguishable from wild-type fibrillae (Table 1 ; Fig. 2 ). Electron microscopy showed that although the mutant had less abundant and somewhat thinner fibrillae, these were rather similar in appearance to the wild-type fibrillae (Fig. 3) . These results show that the phenylalanine residue at position 150 in the primary structure of the K88 fibrillar adhesin is involved in the binding of the fibrillae to the receptor molecules. We propose that the sequence Ser-148-Leu-Phe-150, although it was not the most potent inhibitory peptide that was derived from the adhesin (12) , represents an essential part of the receptorbinding site. The results also indicate that the inhibitory peptides Ile-Ala-Phe and Ala-Ile-Phe presumably have no function in the receptor-binding event when contained in the intact protein. The inhibitory activity of these peptides in vitro might be explained by structural homology to the peptide Ser-Leu-Phe.
In this context it is interesting to note that the sequence Leu-147-Ser-Leu-Phe-Ala-151 in the primary structure of the K88 adhesin shows homology with the conserved region Leu-105-Ser-Leu-Trp-Ala-109 in the primary structure of the gonococcal pilin (10) and the sequence Leu-334-SerLeu-Phe-Phe-348 in the B-fragment of diphtheria toxin (4), suggesting a common function in receptor binding. This assumption is supported by the observation that the homologous segments of the gonococcal fimbrial subunits and the B-fragment of diphtheria toxin are part of larger protein fragments derived' from the respective proteins, which were also shown to possess receptor-binding activity (24, 26) .
Chemical modification of different amino acid species in the K88 adhesin has shown that arginine residues also may play a role in the receptor-binding event (11) . The significance of this observation and the location of the respective arginine residues in the K88 primary structure are presently under investigation.
Recent genetic evidence obtained with PAP, type 1, and S fimbriae suggests that although these fimbriae function as carriers of adhesiveness, the adhesive capacity is not represented by the major fimbrial subunits but by specific adhesin molecules which constitute a minor component of the respective fimbriae (9, 16, 17, 23) . The major fimbrial subunits and the adhesin molecules are encoded by different cistrons in the respective operons. The genetic organization of the K88 determinant is, in principle, comparable to the operons encoding PAP, type 1, or S fimbriae, but the K88 gene encoding a fimbrialike subunit is expressed at a very low level, while the adhesive protein is expressed at a high level (22) . Consequently, purified K88 fibrillae have adhesin molecules as a major component. ACKNOWLEDGMENTS These investigations were supported in part by the Netherlands Foundation for Chemical Research (SON) with financial aid from the Netherlands Organization for the Advancement of Pure Research (ZWO).
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